A series of experiments was conducted to clarify the distinction between motion aftereffects (MAEs) with static and counterphasing test patterns (static and flicker MAEs). It was found that while the motion of higher-order structure, such as areas defined by texture, flicker, or stereoscopic depth, induces little static MAE, such motion reliably generates flicker MAE. It was also found that static and flicker MAEs were induced in opposite directions for stimuli in which first-and second-order structures moved in opposite directions (compound graftings of 2f + 3for 2f + 3f + 4f, shifting a half cycle of 2f). When the test was static, MAE was induced in the direction opposite to the first-order motion; but when the test was counterphasing, MAE was induced in the direction opposite to the second-order motion. This means that static MAE is predominantly induced by first-order motion, but that flicker MAE is affected strongly by second-order motion, along with first-order motion. The present results suggest that static MAE primarily reflects adaptation of a low-level motion mechanism, where first-order motion is processed, while flicker MAE reveals a high-level motion processing, where both first-and second-order motion signals are available.
INTRODUCTION
We can perceive motion as a result of either the movement of first-order spatial structures in the stimulus (luminance and color) or the movement of second-or higher-order structures, such as contrast modulation and texture borders. The former is called first-order motion, and the latter second-order motion (Cavanagh & Mather, 1989) . It has been proposed that the two types of motion are dominantly processed by separate mechanisms Chubb & Sperling, 1988 Cavanagh & Mather, 1989) . One of the major differences *Information Science Research Laboratory, NTT Basic Research Laboratories, 3-1 Morinosato-Wakamiya, Atsugi-shi, Kanagawa 243-01, Japan. tTo whom all correspondence should be addressed. :~The stimulus used by von Griinau (1985) was a two-frame apparent motion of a rectangular area consisting of a sinusoidal grating. It is unlikely that a quasi-linear mechanism that responds to firstorder motion (e.g. Adelson & Bergen, 1985) subserves that motion perception, since the jump size was greater than two cycles of the spatial frequency of the grating. The stimulus can be thought as a movement of contrast modulation (second-order structure) rather than sinusoidal luminance modulation (first-order structure). The contrast modulation function had a constant non-zero value within the rectangular region, and zero elsewhere. The spatial position of this contrast function was shifted between frames. The shift of the contrast modulation is detectable by a non-linear mechanism that is sensitive to second-order motion (e.g. Chubb & Sperling, 1988) .
between first-and second-order motion is in the ability to induce a motion aftereffect (MAE). This effect, also known as the waterfall illusion, is a phenomenon in which, after observers have been exposed to unidirectional motion for a prolonged period, a static pattern is perceived as moving in the opposite direction (see Thompson, 1993 for a historical review). Several studies have shown that MAE is induced strongly by first-order motion but only slightly by second-order motion (Anstis, 1980; Nishida & Sato, 1992) . This relative ineffectiveness of second-order motion, however, is inconsistent with the view that second-order motion may be detected by simple motion extraction mechanisms similar to those for first-order motion (Chubb & Sperling, 1988; Cavanagh & Mather, 1989; Nishida, 1993) . von Gr/inau (1986) , however, demonstrated clear MAE with adaptation to long-range apparent motion that, within the framework of the present study, can be considered to be second-order motion.~ A unique feature of von Griinau's study is that his test stimulus was an ambiguously moving flickering pattern rather than a static pattern such as those used in the previous studies. He and researchers after him (von Gr/inau & Dubr, 1992; Cavanagh & Mather, 1989) have regarded this flicker MAE as simply a more sensitive version of the MAE induced with a static test pattern (static MAE), and have paid little attention to possible differences in the underlying mechanisms.
It is plausible, however, that second-order motion, which produces little static MAE, is generally quite effective in inducing flicker MAE. In the present study, we examine this hypothesis by investigating the magnitude of static and flicker MAEs with various types of motion stimuli. We first used several different types of second-order stimuli to see if flicker MAE is a general phenomenon associated with second-order motion. Then, to examine the contributions of the first-and second-order motion, we evaluated the two types of MAEs using adaptation stimuli in which first-and second-order structures were expected to move in opposite directions. The results showed that the flicker MAE is considerably more sensitive to second-order motion than the static MAE is, suggesting that the two kinds of MAEs may reveal different stages of motion processing.
EXPERIMENT 1
In the first experiment, we examined the magnitude of the two types of MAE for various second-order motions. We used five types of adaptation stimuli (Fig. 1) . RD was a normal random-dot kinematogram, FL was a movement of flickering dots over a static random dot field, TX 1 was a movement of texture stripes defined by different granularities, TX2 was a movement of even isodipole texture stripes (Victor & Conte, 1990) , and ST was a movement of stripes with protruding depth. These stimuli, except for RD, are movements defined by second-or higher-order properties. According to a mathematical framework proposed by Chubb and Sperling (1988) , they are drift-balanced random stimuli that are invisible to quasi-linear motion detectors, such as those proposed by Adelson and Bergen (1985) , van Santen and Sperling (1985) and Watson and Ahumada (1985) .
Method
Stimuli and apparatus. Each adaptation stimulus had two types of areas, A and B, that differed in one of five spatial or temporal characteristics and were alternately configured to form a pattern of vertical stripes (Figs 1 and 2 ). The width of each stripe was 16 dots (l.07deg) and the whole pattern, which subtended 3.2(V) x 8.5(H)deg, comprised eight of these stripes. The pattern was horizontally shifted by 8 min arc once every 60 msec (2.22 deg/sec) while keeping the external border unchanged. For each adaptation stimulus, 16 frames were prepared and presented repeatedly during the adaptation period.
For the RD stimulus, both A and B stripes consisted of a black and white random-dot field. The dot density was 50% and each dot subtended 4 x 4min arc. All the random-dot patterns forming the A stripes were exactly the same, and so were the patterns forming the Space-space and space time plots of the adaptation stimuli used in Expt 1. RD, random-dot kinematogram; FL, movement of flickering dot fields; TX1, movement of texture stripes defined by different granularities; TX2, movement of isodipole texture stripes; ST, movement of stripes with protruding depth. Except for RD, these are drift-balanced random stimuli (Chubb & Sperling, 1988) .
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Reference stimulus I FIGURE 2. Configuration of the stimuli. The adaptation stimulus (center) consisted of two types of stripes. During the test phase, the adaptation stimulus was replaced by either a static or counterphasing square-wave grating. FP, fixation point.
B stripes. This was necessary for producing a smooth continuous motion when repeatedly presenting the 16-frame sequence. For the FL stimulus, the stripes were segregated by flicker cue. The A stripes were static random-dot fields, and each B stripe was replaced by a new uncorrelated random-dot field at every displacement. Each dot subtended 4 x 4 min arc. Stripes in the TX1 stimulus were defined by a granularity difference. The A stripes were a random-dot field consisting of 4 × 4 min arc dots; the B stripes were random-dot fields consisting of 16(V) x 4(H) min arc dots. For the TX2 stimulus, the two types of stripes were segregated by a difference in higher-order structure (Victor & Conte, 1990) . The A stripes were random-dot fields consisting of 4 × 4min arc dots. Although the B stripes also consisted of 4 x 4 min arc dots, the position of B stripe dots was constrained such that each 2 x 2 subregion had an even number of black dots or white dots. Although the two types of stripes were perceptually segregated by this texture cue, their third-order statistics were identical (Julesz, Gilbert & Victor, 1978) . Therefore, strictly speaking, TX2 was a fourth-order motion, rather than a second-order motion. Finally, the stripes in the ST stimulus were defined by a binocular disparity difference *The optimal test temporal frequency for measuring flicker MAE is about 2 Hz. In a preliminary experiment, we examined the effect of the test temporal frequency on the magnitude of flicker MAE. The adaptation stimulus was a sinusoidal grating drifting at either 2.1 or 8.3 Hz, and the test stimulus was a counterphasing grating. The results showed that the magnitude of flicker MAE was almost constant for test frequencies of 1-3 Hz, and that it gradually decreased as the frequency increased further. The adaptation temporal frequency had no effect. This reduction of flicker MAE could be related to the subjective impression that when the frequency is high, the test stimulus most often appears to be flickering without drifting. (Julesz, 1971) : the A stripes were presented on the fixation plane, while the B stripes had a crossed disparity of 4 min arc. The dot size was 4 × 4 min arc. For the TX1, TX2, and ST conditions, the pattern was refreshed at every displacement to remove flicker motion cues. For all stimulus types, the Michelson contrast of the adaptation stimulus was 60%.
The test stimulus was a vertical luminance-defined square-wave grating of 1.9 c/deg presented within the same area as the adaptation stimulus. When the magnitude of static MAE was measured, the test grating was stationary. For measuring flicker MAE, however, the test grating was spatially shifted by 180 deg of phase angle once every 240 msec; i.e. it was counterphased by a 2.1 Hz square wave.* The test contrast was 30%.
The adaptation/test stimulus was flanked by reference stimuli above and below, with a gap of 1 deg, to enhance static MAE (Day & Strelow, 1971) . Each reference stimulus was a static square-wave grating (1.9c/deg, 30% contrast) the same size as the adaptation/test stimulus. The background was a uniform gray field, 13.6(V) x 8.8(H)deg, with a luminance value equal to the mean luminance of the stimuli (33.5 cd/m2).
The stimulus was presented on a CRT (Sony-GDM1952) controlled by a workstation (Concurrent-MC6450). The refresh rate of the CRT was 66.7 Hz, and 256 (8-bit) intensity levels were available for each pixel. CRT gamma nonlinearity was corrected by adjusting the look-up table. Subjects viewed the stimulus binocularly with a chin rest in a dimly lit room. At the viewing distance of 104 cm, 1 pixel subtended a 1 x 1 min arc area. For the ST condition, the stimuli for left and right eyes were presented separately on the CRT and were viewed through a mirror haploscope.
Procedures. To estimate the strength of MAE, we recorded the direction and the duration of illusory motion perceived after adaptation. This enabled us to use the same procedure to measure the magnitude of both types of MAE. We also monitored the perceived motion direction during adaptation to check whether the subject truly percevied the adaptation motion in the expected direction.
In each trial, the adaptation stimulus was presented for 30 sec and was immediately followed by a 30-sec presentation of the test stimulus. The subjects were instructed to continuously report the percevied direction by pressing buttons in both the adaptation and test periods. One button was assigned to leftward motion and the other to rightward motion. No button press was required when the subject could not decide motion direction (for the adaptation stimulus and the flicker test) or perceived no motion (for the static test). The sampling rate of the button press was 66.7 Hz. During each trial, the subject fixated on a red dot located at the center of the adaptation (or test) stimulus. The inter-trial interval was at least 1 min, and the shift direction of the adaptation stimulus was changed between trials.
To quantify the direction of motion perception during adaptation, we calculated a direction index (Dp -Do)/D,, where Dp is the duration of button pressing for the positive direction (i.e. the direction of the adaptation motion), D, is the duration for the negative direction, and D t is the total adapting duration. The data from the first 1 sec was excluded. When the adaptation stimulus is steadily perceived to move in the shift direction, the index is 1.0, when the perceived direction is completely ambiguous, the index is 0.0.
For the test phase, an index of the magnitude of MAE was calculated. The index was defined as Dp-Dn; i.e. the difference between total duration of button pressings for the positive and negative directions. A negative value indicates that MAE is predominantly induced in the direction opposite to the adaptation motion, as is normally found with regular static MAE. With static MAE, the index actually reflected only the duration of negative MAE, since Dp was almost always zero with static MAE. For the flicker test, however, Dp was not always zero: subjects typically perceived a dirft in the negative direction for the first several seconds of the test period, and this drift sometimes was followed by a brief spell of positive drift. Then the perceived direction started to alternate between the two directions. The index we used is not affected by this directional alternation; it reflects only the directional bias caused by the adaptation.
Subjects. Two authors (SN and TS) participated in the experiment. SN is myopic but his acuity was corrected by contact lenses; TS is emmetropic. Both subjects had no problem in perceiving depth in random-dot stereograms (Julesz, 1971 ). Figure 3 shows the magnitude of the two types of MAE for various types of adaptation motion. The solid circles represent the index of perceived direction for the adaptation stimulus. For all types of adaptation stimuli, the index was about 1.0, which implies stable motion perception in the shift direction. The open circles and squares represent magnitudes of static and flicker MAEs, respectively. The negative values indicate that the direction of MAE is opposite to the shift. Little or no static MAE was induced, except under the control condition RD. This result is consistent with static MAE being sensitive to first-order motion and almost completely insensitive to second-order motion (Anstis, 1980; Nishida & Sato, 1992) . Flicker MAE, on the other hand, was induced by each type of adaptation motion. Although the magnitudes of flicker MAE for drift-balanced random stimuli, especially TX2, were smaller than that for RD, they are significantly different from zero.
Results

EXPERIMENT 2
The results of Expt 1 show that static MAE is largely insensitive to second-order motion, but that flicker MAE is sensitive to this kind of motion. This suggests that the two types of MAE reveal different stages of motion processing. It is possible, however, to argue that a flicker MAE is more sensitive to any type of motion than static MAE is (von Griinau & DubS, 1992; Cavanagh & Mather, 1989) , and the dissociation found here just reflects this sensitivity different. Therefore, to elucidate the differences between the two types of MAE, we conducted an experiment using an adaptation stimulus in which first-and second-order structures were expected to move in opposite directions (Nishida & Sato, 1992) .
The adaptation pattern was an apparent motion of a compound sinusoidal grating comprising the second (2f) and the third (3f) harmonics of a fundamental frequency (f). The compound grating was shifted by a distance corresponding to 0.25 cycles of the fundamental frequency. The shift was done successively with a given temporal interval [stimulus onset asynchrony (SOA)]. There was no inter-stimulus interval. Thus, the luminance (L) and the contrast (C) of the stimulus at a spatial position, x, and a frame, t(t = O, 1, 2 ...), are
where L .... is the mean luminance of the display, and c is the contrast of each sinusoid. The negative sign of t term indicates a displacement in the shift direction. Figure 4 shows the luminance profile.
To consider the movements of the first-and secondorder structures of this stimulus, rewrite equation (1) as
This indicates that the contrast function of the stimulus can be expressed as a product of the sinusoidal carrier and the envelope. The carrier has a spatial frequency of 2.5f, and is shifted 0.625 cycles per jump. This carrier is a first-order spatial structure, and it will move in the anti-shift direction since the jump distance exceeds a half cycle. The envelope, on the other hand, has a spatial frequency of 0.5f, but the effective frequency of the contrast modulation, or the beat pattern, is double the envelope frequency (see . Thus the contrast modulation has a spatial frequency off, and is shifted 0.25 cycles per jump. This contrast modulation is a second-order structure, and it will move in the shift direction since the jump is less than a half cycle. In sum, the first-and second-order structures in the 2f + 3fapparent motion are expected to move in opposite directions. The same conclusion can be drawn from a modelbased argument, which is applicable even when the contrast function cannot be rewritten as a product of carrier and envelope. It is expected that quasi-linear motion mechanisms which dominantly respond to firstorder motion (e.g. Adelson & Bergen, 1985) indicate the anti-shift direction. In contrast, non-linear motion mechanisms with a squaring (or full-wave rectification) preprocessing, which are known to detect a wide range of second-order motion (Chubb & Sperling, 1988; Wilson, Ferrera & Yo, 1992) , are expected to indicate the shift direction. (See Appendix for further explanation.)
A line of psychophysical evidence supporting these arguments is that a 2f+ 3f stimulus does not induce regular static MAE. Nishida and Sato (1992) found that the stimulus was perceived to move dominantly in the shift direction (unless SOA was very short), but the adaptation to this stimulus generated static MAE in the same shift direction (positive MAE). Note that the perceived direction is consistent with the expected second-order motion direction, while the direction of static MAE is consistent with (i.e. opposite to) that of the expected first-order motion. The former suggests the dominance of the second-order motion in the perception of this specific stimulus. The latter agrees well with the notion that first-order motion is much more effective than second-order motion in producing static MAE. It is therefore reasonable to suppose that the positive MAE occurs with the 2f + 3fmotion because it contains first-and second-order structures moving in the opposite directions, and the contribution of second-order motion relative to first-order motion is much stronger in motion perception than in static MAE.
In this second experiment, we examined flicker MAE induced by the 2f + 3f motion. If flicker MAE is sensitive to second-order motion to an extent comparable to the motion perception, it may be induced by the 2f + 3f motion in the direction opposite to the secondorder motion. If this is the case, static and flicker MAEs should be produced in opposite directions for the same adaptation stimulus, which gives strong evidence of qualitative, rather than quantitative, differences between the mechanisms underlying the two types of MAE.
We measured the perceived direction for the adaptation stimulus, and the direction and magnitude of the resulting MAEs, as a function of the duration between jumps, or the SOA of the adaptation stimulus. Preliminary observations showed that the perceived direction of the 2f + 3f motion depended on this temporal parameter: motion is perceived in the anti-shift direction at shorter SOAs but in the shift direction at longer SOAs. Several studies have shown similar effects of temporal parameters on perceived motion direction for stimuli involving inconsistent first-and second-order motions (Georgeson & Harris, 1989; Boulton & Baker, 1993; Derrington, Badcock & Holroyd, 1992; Hammet, Ledgeway & Smith, 1993) . These results suggest that the contribution of second-order motion becomes weaker relative to the contribution of first-order motion as the temporal frequency of the stimulus increases. This view is consistent with the difficulty of second-order motion detection for short stimulus durations (Derrington, Badcock & Henning, 1993; Cropper & Derrington, 1994) . We therefore attempted to control the relative contribution of the first-and second-order motion in the adaptation stimulus by changing SOA. For short SOAs, where the adaptation motion is perceived in the antishift direction, we can evaluate the contribution of first-order motion to the two types of MAEs (as long as the direction of MAE is in the shift direction). In luminance-based motion stimuli, such as RD in Expt 1, first-order motion is generally accompanied by the motion of higher-order structures, so that MAE produced by such stimuli cannot be ascribed solely to the effects of first-order motion. For longer SOAs, where the adaptation motion is perceived in the shift direction, we can evaluate the relative contribution of the two types of motion as discussed above.
Methods
The method was basically the same as that for Expt 1 except for the stimulus pattern. The adaptation pattern was a compound sinusoidal grating comprising 2f and 3f sinusoids, shifted by a distance that corresponds to 0.5 cycles of the 2fcomponent and 0.75 cycles of the 3f component. The value off was 0.5 c/deg and the contrast of each component (c) was 30%. The SOA was varied from 15 to 120 msec. The test stimulus was a 3f sinusoidal grating, either static or sinusoidally counterphasing at 2.1 Hz. The peak contrast was 30%, unless otherwise stated. The adaptation or test stimulus was presented in a field of 3(V) x 9(H) deg, sandwiched between reference stimuli (static sinusoidal gratings of 3f, 30% contrast) above and below. Figure 5 shows the magnitudes of static and flicker MAEs, together with the adaptation direction index, for apparent motion of a 2f + 3fgrating, as a function of the adaptation stimulus SOA.
Results
For both subjects, the index of perceived direction for the adaptation stimulus was nearly -1.0 at the shortest SOA (15 msec). The index rose steeply, attaining 1.0 at an SOA of about 45 msec. Thus, motion was perceived in the anti-shift (first-order) direction for short SOAs but in the shift (second-order) direction for longer SOAs. This implies that the contribution of the second-order motion relative to that of the first-order motion increases as the temporal frequency of the stimulus decreases.
For both subjects, the magnitude of static MAE gradually decreased with increasing SOA, but its direction was always in the same direction as the shift of the adaptation stimulus. Thus, for SOAs larger than 30 msec, the direction of static MAE was the same as the perceived direction for the adaptation stimulus (positive MAE).
Regarding the flicker MAE, we found different tendencies for the two subjects. For subject SN, the direction of flicker MAE was positive at the shortest SOA, but became negative for longer SOAs. It should be noted here that, for longer SOAs, flicker MAE was induced in the direction opposite to static MAE. This implies that the two types of MAE reflect activities at different sites of motion processing, at least partially. It is also intriguing that the direction of flicker MAE was always opposite the perceived direction of the adaptation stimulus regardless of the type of motion mediating that perception. This indicates that first-order motion, as well as second-order, induces flicker MAE. C~.
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SOA of adaptation stimulus (msec) That in turn suggests that the direction of flicker MAE, like that of the perceived motion, is determined by the relative strength of the two types of motion. For subject TS, on the other hand, although flicker MAE was reliably induced in the positive direction for short SOAs, it was not consistently induced in either direction for longer SOAs.
To explore the individual difference found here, we replicated the experiments using more subjects. The SOA of the adaptation stimulus was fixed at 90msec, a value at which a dissociation of MAEs was found for SN in the main experiment. The results (Fig. 6 ) indicate an individual difference similar to that found in Fig. 5 . For all subjects, the dominant motion perception during the adaptation period was in the direction of secondorder motion (i.e. shift direction) and static MAE was induced in the same direction as the adaptation stimulus. With the flickering test pattern, five of eight subjects (including SN) reported MAE in the direction opposite to the adaptation motion. The other three subjects (including TS) observed flicker MAE in the positive direction. Thus, there were two groups of subjects; one perceived MAE in opposite directions for the same adaptation stimulus depending on test stimulus, and the other perceived both types of MAE in the positive direction.
The difference between the two groups might reflect individual differences in the relative sensitivity of flicker MAE to the first-and second-order motion. If so, the direction of flicker MAE for the second-group subjects should change when the relative strength of secondorder motion is increased. A stimulus parameter that controls the relative strengths is SOA, but TS did not show negative flicker MAE at SOA even as long as *The 2f+ 3f+ 4fstimulus cannot be rewritten as a simple product of carrier and envelope when c4r is 15%. 120 msec. Therefore, we changed the adaptation stimulus slightly by adding a 4fcomponent. The contrast (c4/) was 15% or 30% (Fig. 7) . The contrast function of the stimulus is then
The 4f component shifts by a whole cycle, so that it is stationary throughout adaptation. As in the case of the 2f+ 3f motion, first-and second-order structures of this 2f+ 3f+ 4f stimulus are expected to move in opposite directions. The relative strength of secondorder motion is also expected to be larger in the 2f + 3f + 4f motion than in the 2f + 3f motion. This is because the 4fcomponent will have either no effect or a negative effect on the response of quasi-linear mechanisms, while it will enhance the response of non-linear mechanisms with a squaring preprocessing.* (See Appendix for further discussion.) The visual system might employ a demodulation algorithm different from the squaring operation, but it is nevertheless likely that the 4fcomponent does strengthen the second-order motion, since the 2f+ 3f+ 4f motion can be seen in the shift direction even without the 2f sinusoid (i.e. a 3f + 4f motion) under appropriate temporal conditions (Hammet et al., 1993) . The three subjects who reported positive flicker MAE in Fig. 6 , and the one who reported negative flicker MAE (SN) were tested with this stimulus.
The results are shown in Fig. 8 . The horizontal axis is the contrast of the added 4f component. The direction index indicates that the adaptation motion was constantly perceived in the second-order direction regardless of the 4f contrast. For each subject, positive MAE decreased and negative MAE increased as the contrast of the 4f component increased. This indicates that one of the main effects of the addition of the 4f component was, as we expected, to increase the relative contribution of second-order motion by either reducing the strength of first-order motion or increasing the strength of second-order motion, or by both. Note that the direction of flicker MAE becomes negative even for the subject who showed positive flicker MAE without the 4f component. The direction of static MAE, in contrast, remained positive. Thus, even for the three exceptional subjects, the dissociation between the two types of MAE was demonstrated by increasing the strength of second-order motion in the adaptation stimulus.
In the experiments described above, we fixed the test contrast at 30% for both static and sinusoidallymodulated flicker stimuli. The contrasts were equated at the maximum value, so that the contrast averaged over time was slightly lower for the flicker stimulus. Therefore, the difference in the test contrast, rather than the difference in the temporal structure, might produce a discrepancy in the MAE direction. To test this possi- bility, we collected data for three test contrasts, 15, 30 and 60%. Subject SN adapted to the 2f+ 3./motion, and TS to the 2f+3f+4f motion (c4s= 15%). The results (Fig. 9) showed that the test contrast slightly affected the magnitude of the two types of MAE. The MAE magnitudes generally decreased as the test contrast increased, as has been reported by Keck, Palella and Pantle (1976) for static MAE. However, the MAE directions themselves were not affected by the change in the test contrast. Static MAE was induced in the positive direction, while flicker MAE was induced in the negative direction. Therefore, the discrepancy in MAE direction is unlikely to be a consequence of the test contrast difference.
DISCUSSION
Experiment 1 established that various types of motions of higher-order structures--a flickering region on a static background, a texture defined by a granularity difference, an even isodipole texture, and a floating region within a random-dot stereogram reliably induce flicker MAE but not static MAE. Experiment 2 demonstrated that adaptation stimuli that contain first-and second-order structures moving in opposite directions induce static and flicker MAEs in different directions. These results, taken together, indicate a clear relationship between the two types of MAE and first-and second-order motion. First, static MAE is predominantly induced by first-order motion. Second, flicker MAE is sensitive to both first-and second-order motions, and when these motions conflict with each other (as in a 2f+ 3f compound grating), the direction of flicker MAE is determined by the relative strength of the two types of motion.
Static MAE and second-order motion
We found no measurable static MAE for any type of second-order motion used in Expt 1. At odds with this finding, several studies have reported induction of static MAE by second-order motion (Victor & Conte, 1990; Mather, 1991) . Mather (1991) reported a weak but significant static MAE for adaptation to a drift-balanced random stimulus. Similarly, Victor and Conte (1990) reported that prolonged viewing of flicker movement or granularity texture movement generates a clear static MAE. Indirect indications of static MAE induced by second-order motion signal can also be found in our data. The results of Expt 2 with the 2f+ 3f grating suggest a cancellation between static MAEs induced by first-and second-order components moving in opposite directions. For example, the magnitude of positive static MAE decreased as the relative contribution of the second-order signal increased with increasing SOA (Fig. 5) . In a control experiment where a 3fgrating alone was used instead of the 2./+ 3f grating (not shown), the magnitude of static MAE decreased only slightly with increasing SOA, indicating that the decrease of positive MAE is not due solely to the effect of temporal frequency (Pantle, 1974) . Similarly, the magnitude of positive static MAE decreased as the relative contribution of second-order signal increased with addition of the 4f component (Fig. 8) . In short, these tendencies indicate that second-order motion may generate static MAE, but that its effectiveness is certainly much less than that of first-order motion. It is still not clear, however, why the magnitude of static MAE induced by second-order motion varies so much between studies. The presence or absence of reference stimuli might have some relevance. We provided reference stimuli through each trial and asked the subjects to judge static MAE relative to them. The previous studies reporting stronger MAE, however, used no such references (Victor & Conte, 1990; Mather, 1991) . There are two possible links between the reference stimuli and the magnitude of static MAE. First, if the receptive field of a non-linear motion mechanism is large enough to cover both test and reference stimuli, adaptation of such a detector might not produce any MAE in our study, since we asked subjects to detect the *Harris and Smith (1992) reported that second-order motion did not evoke optokinetic nystagmus but it did evoke a smooth pursuit.
MAE relative to the references. Second, reference stimuli might affect the strength of MAE caused by adaptation of the oculomotor system. Such an aftereffect following prolonged tracking of a moving stimulus has been reported by Chaudhuri (1990 Chaudhuri ( , 1991 , and it is possible that static MAE after adapting to second-order motion is at least partially caused by this effect.* Some tracking during adaptation is unavoidable, even when subjects are instructed to fixate. So it is plausible that the magnitude of tracking eye-movement, and that of static MAE in turn, were greater in the experiments without reference stimuli. Note also that the aftereffect related to the tracking eye-movement will affect the whole visual field, producing no relative motion between the test and reference stimuli.
Flicker MAE and second-order motion
The present study shows that second-order motion induces MAE when the test stimulus is directionallyambiguous flickering patterns. Similar independent findings have been reported by two research groups (McCarthy, 1993; . The methods they used were different from ours with respect to the test stimulus and the measuring procedure, but their results are quite consistent with ours. McCarthy (1993) examined static and flicker MAEs for adaptation to movement of a regular luminance grating and a contrast-modulated grating. He always tested the effect with a test stimulus of the same type as the adaptation stimulus by using a nulling method in which the jump size of the test stimulus was manipulated to cancel the aftereffect. From these experiments, McCarthy (1993) found that an adaptation to movement of contrast modulation failed to induce significant static MAE, but it influenced the directional judgment for an ambiguous test stimulus as effectively as a first-order stimulus. Ledgeway and Smith (1993) also examined the effects of motion adaptation on the directional judgment of counterphasing gratings. They used luminance and contrastmodulated gratings both for the adaptation and test stimuli, and measured the aftereffect by a nulling method in which the contrasts of leftward and rightward components in the test stimulus were varied. They found that both first-and second-order motions effectively influenced the directional judgment of a counterphasing grating of either first-or second-order structure. The results of these two studies indicate that flicker MAE consistently shows a high sensitivity to second-order motion under conditions other than that employed in the present studies. Green, Chilcoat and Stromeyer (1983) found a rapid MAE seen with a homogeneous flickering test field. This rapid MAE had properties different from those of static MAE. For example, only adaptation stimuli of low spatial frequencies produced the MAE, and there was no interocular transfer. These researchers therefore concluded that this type of MAE is distinct from ordinary static MAE. Since this rapid MAE is at least superficially similar to the flicker MAE in the present study, we experimentally evaluated the relationship between them. To do this, we measured MAE with a uniform flickering test field after adaptation to a 2f + 3fcompoung grating. The experimental procedure was the same as that of Expt 2 except that the test field was uniform and its luminance was sinusoidally modulated at 2.1Hz. The results showed that MAE with a uniform flickering test was induced weakly in the same direction as that of static MAE, rather than that of flicker MAE. In addition to this result, our flicker MAE shows nearly complete interocular transfer (Nishida, Ashida & Sato, 1994) . Taken together, these results indicate that the flicker MAE treated here and that of Green et al. (1983) are different phenomena. The essential difference between them is that a counterphasing grating is directionally ambiguous, but a uniform flicker is not.
In the history of psychology, there has always been a skeptical opinion that motion is not an immediate perception, that it is reconstructed late in the visual system and that this reconstruction is based on spatial position and time (an unconscious inference hypothesis). Classical MAE with a static test stimulus is often regarded as evidence against this view, supporting the existence of direct motion detection mechanisms (see Nakayama, 1985) . This argument applied, however, only to first-order motion, since second-order motion induces little static MAE. It was possible to argue that the detection of second-order motion might well depend on indirect inference from positional changes of distinct features. The present results on flicker MAE, however, disagree with this skeptical view, indicating that secondorder motion is detected also directly by mechanisms specialized for motion detection.
A few studies have suggested that there are qualitatively different subtypes in what we call second-order motion. Victor and Conte (1990) found that the motion impression for isodipole textures builds up slowly, and is much weaker than other second-order motion, such as the movement of texture borders defined by a granularity difference. They argued that the mechanism mediating motion perception for isodipole textures might be a high-level process, and that the'mechanisms for the others are low-level processes. Similarly, Cavanagh (1993) suggested that motion perception in stereograms might be mediated dominantly by an active attentive tracking process rather than by a passive motion detection mechanism (Cavanagh, 1992) . In addition, the movement of isodipole texture and that of stereoscopic depth cannot be treated by the squaring (rectification) model of non-linear motion detector (Chubb & Sperling, 1988; Wilson et al., 1992) . However, the present result that flicker MAE was obtainable for these movements, just as for other first-and second-order motion stimuli, indicates that there may be quantitative differences, but no qualitative difference between motion carried by different types of higher-order structure.
Mechanisms underlying the two types of MAE
Static and flicker MAEs may differ in sensitivity as suggested by previous studies (Cavanagh & Mather, 1989; von Griinau & Dub6, 1992) . A static grating has no drifting component, but a counterphasing grating has components drifting in opposing directions. Just a slight directional bias caused by an adaptation in motion detection systems may therefore change the balance of drifting strength between the two directions, thus producing a flicker MAE even when the bias is not strong enough to induce static MAE. This sensitivity difference, however, would not explain the MAEs induced in different directions depending on test patterns (Expt 2). The present results, therefore, suggest qualitative differences between the two types of MAE, and lead us to conjecture that the two types of MAE may reveal different stages of motion processing.
It may be helpful to describe our working hypothesis on the functional architecture of visual motion processing before we discuss the relationship between the two types of MAE and the underlying mechanisms. The hypothetical model (Fig. 10) assumes that motion stimuli are first processed by two parallel pathways. First-order motion is dominantly processed by a quasilinear pathway that extracts motion signals directly from the luminance (and color) distribution of the retinal image (Adelson & Bergen, 1985; van Santen & Spering, 1985; Watson & Ahumada, 1985) . Second-order motion is dominantly processed by a non-linear pathway that consists of preprocessing to extract second-order structures and subsequent motion analysis. One type of preprocessing involves squaring (or rectification), which allows the extraction of several classes of second-order structure (Chubb & Sperling, 1988; Wilson et al., 1992) .
The outputs of these two motion pathways are integrated, and a final motion percept is determined (Wilson et al., 1992) .
The quasi-linear pathway may respond, though weakly, to a second-order motion stimulus by detecting the distortion product due to a nonlinearity inherent in the early signal transmission. The non-linear pathway responds to first-order motion stimulus when its higherorder structure moves along with the first-order structure. Several studies have shown, however, that the two types of motion are detected dominantly by separate mechanisms Chubb & Sperling, 1989; Cavanagh & Mather, 1989; Nishida & Sate, 1992) . A line of evidence supporting this idea is that static MAE is sensitive to first-order motion, but nearly insensitive to second-order motion , so that a positive MAE can be generated when the Motion perception ......................................................................................... t ..................................................... Hi, h-level . Hypothetical architecture for visual motion processing. First-order motion is dominantly extracted by motion detectors in a quasi-linear pathway. Second-order motion is dominantly extracted by motion detectors in a non-linear pathway, which involves various non-linear preprocessings at the initial stage. The outputs of the two motion pathways are integrated to determine motion perception. The present results suggest that static MAE reflects activities in a low-level system (the motion detectors in the quasi-linear pathway), while flicker MAE reveals the behavior of a high-level system (the motion detectors in the non-linear pathway, and the subsequent motion integrator).
two types of structure move in the opposite directions (Nishida & Sate, 1992) .
From data currently available, it is difficult to separate the motion detection process in the non-linear pathway from the subsequent motion integration process. Therefore, we tentatively collapse these two processes into one, and call it a high-level motion system. As a counterpart, the motion detection process in the quasi-linear pathway is called a low-level motion system. This diagram is presented only to clarify our working hypotheses, and the architecture expressed in this figure is by no means definite. Note also that the architecture is functional rather than physiological. We are currently assuming that second-order motion is detected in the high-level system, but some types of second-order motion may be detected at considerably earlier stages in the physiological architecture of the visual system (Zhou & Baker, 1993) .
The present results suggest that static MAE, which is very insensitive to second-order motion, reflects the behavior of the low-level motion system (the quasi-linear motion detection stage). Adaptation in the high-level system may also affect static MAE, but only slightly. On the other hand, flicker MAE is produced by both first-and second-order motion. For adaptation to second-order motion, flicker MAE presumably reflects the behavior of only the high-level motion system (the non-linear motion detection stage, the motion integration stage, or both). For adaptation to first-order motion, it may reflect the behavior of both the low-and high-level motion systems. Even in this case, however, it is more likely that flicker MAE occurs dominantly in the high-level system (the motion integration stage). Three lines of evidence suggest this argument. First, our results generally indicate that flicker MAE is induced in the direction opposite to the perceived motion direction, which is a final result of motion integration.* Second, the results of Ledgeway and Smith (1993) suggest that first-order motion effectively induces flicker MAE even when the test stimulus is a second-order counterphasing grating. Finally, although the interocular transfer of static MAE is only partial (Barlow & Brindley, 1963; Lehmkuhle & Fox, 1976; Moulden, 1980) , flicker MAE transfers almost completely regardless of the adaptation motion type (Nishida et al., 1994) . It is therefore probable that the two types of MAE almost selectively reveal different levels of motion processing: static MAE reveals the low-level system, while flicker MAE reveals the high-level system.
McCarthy (1993) also tried to explain why static and flickering test stimuli have different sensitivities to second-order motion. His explanation was based on the availability of the test stimuli to the adaptation site: low-level motion mechanisms are sensitive to a stationary pattern, while high-level mechanisms are not (see also Raymond, 1993) . This intriguing speculation also supports our conclusion that the two types of MAEs reflect the behavior of motion mechanisms at different levels in the visual system. However, his study by itself does not bear these arguments, since his results can be interpreted by the sensitivity difference between the two types of MAE.
The relationship between the two types of MAE and relative motion detectors is worth a comment here. Several researchers have claimed that static MAE is a consequence of adaptation to relative motion between elements in a display, rather than to element motion itself (Reinhardt-Rutland, 1987; Swanson & Wade, 1992) . It is likely that flicker MAE, in contrast, does not require such relative motion. Adaptation of directionally sensitive mechanisms may be sufficient to cause a perceptual bias for a counterphasing grating. An intriguing fact to consider here is that it is difficult to segregate regions and recover three-dimensional structure from velocity fields given only by second-order motion (Cavanagh & Mather, 1989; Dosher, Landy & Sperling, 1989; Landy, Dosher, Sperling & Perkins, 1991) . This suggests that there are only a few, if any, relative motion detectors for second-order motion. If so, static MAE may reveal adaptation of relative motion mechanisms that receive input from the low-level motion system, and flicker MAE may reveal the adaptation of the high-level system, *A possible explanation of the individual difference in the direction of flicker MAE for the 2f + 3fmotion (Expt 2) is that the contribution of the low-level system is not negligible for the subjects reporting positive flicker MAE.
which does not feed any higher stages for extracting relative motion.
The 2f + 3f stimulus
Several models have been proposed for first-order motion detection (e.g. Adelson & Bergen, 1985) . We call such a mechanism a quasi-linear motion detector. The computation employed by these detectors is consistent with the motion-from-Fourier-components principle, which states that the perception of motion in a particular direction results from the dominance of Fourier components indicating motion in that direction (Chubb & Sperling, 1988) . When the space-time plot of the 2f + 3f apparent motion is Fourier transformed, components appear at the two spatial frequencies. The 2fcomponents are symmetrical with respect to the spatial and temporal frequency axes, indicating no consistent motion in any direction. As for the 3f components, the strongest component, as well as the power collapsing over temporal frequency, indicates motion in the anti-shift direction (see Fig. 8 of Nishida & Sato, 1992) . This is because the shift corresponds to a half cycle of 2f, and 0.75 (-0.25) cycles of 3f. Each motion detector is sensitive to a limited spatial-frequency band (there is also a temporal frequency tuning, but it is broad). The detectors sensitive to 3f are expected to indicate the anti-shift direction; the others should indicate, if anything, an ambiguous motion. These expectations were confirmed by a simulation of the response of a model [the motion energy model of Adelson and Bergen (1985) with parameters described in Watson and Ahumada (1985) ] to the 2f + 3f motion.
Second-order motion detection supposedly consists of a non-linear preprocessing to expose higher-order structures and subsequent motion analysis (non-linear motion detection). A three-stage model consisting of band-pass filtering, squaring (or full-wave rectification) and low-pass filtering has been proposed for this preprocessing (Chubb & Sperling, 1988; Wilson et al., 1992) . This model cannot work for a few classes of second-order motion, such as the motion of a missing fundamental square-wave grafting in the shift direction (Georgeson & Shackleton, 1988) as well as the motion of TX2 (isodipole texture) and ST (stereo-defined structure) used in Expt 1. Motion detection for these stimuli might require more complex preprocessings. However, the squaring (rectification) model can expose a wide range of second-order structures, including contrast modulations, with a simple algorithm. It is therefore one of the most plausible preprocessings involved in the visual system. Thus, the behavior of one type of non-linear motion detector may be inferred by taking the square of the stimulus contrast function. Since the 2f + 3f stimulus is not broadly distributed in the frequency domain, the first bandpass filtering would affect the results only slightly. As can be seen in (A1), squaring gives rise to a sinusoid of spatial frequency f that shifts 0.25 cycles in the shift direction. This corresponds to the contrast modulation of the stimulus. The higher frequency components, which may be removed by the subsequent low-pass filtering, indicate either the shift direction (5f), or no consistent motion in any direction (4f, 6f).
In sum, quasi-linear motion mechanisms that dominantly respond to first-order motion are expected to indicate the anti-shift direction, while non-linear motion mechanisms that dominantly respond to second-order motion are expected to indicate the shift direction.
The 2f + 3f + 4f stimulus
Here we discuss the effects of the new 4feomponent to the response of the two types of hypothetical motion mechanisms. The 4f component is stationary throughout adaptation. Based on the motionfrom-Fourier-component principle, quasi-linear motion mechanisms will indicate the anti-shift direction due to 0.75 cycle shift of the 3] component. The 4f component will not change their response strength, or it will reduce the response strength by increasing the noise level, compared to the response to the 2f+ 3f motion. A stimulation based on the motion energy model (Adelson & Bergen, 1985) showed that although the response strength fluctuated over space and time, the time-average response remained strongly biased in the anti-shift direction. We also confirmed that the 2f+ 3f+ 4f stimulus was perceived to move dominantly in the anti-shift direction at a short SOA (15msec), as with the 2f+ 3f stimulus (Fig. 5) .
When the contrast function (3) is squared to evaluate the response of one type of non-linear motion detector, it can be expressed as 2e2 + c4t2 4-(c 2 + cc4r)cos{2n(fx --0.25t)} + h(x, t), (A2) C (x, 0 2 -2 where h(x,t) are higher spatial frequency terms that, as a whole, slightly indicate the shift direction. The second term is a sinusoid of spatial frequency f shifting a quarter cycle in the shift direction. This corresponds to the contrast modulation at the missing fundamental frequency. Note that the coefficient of this term is larger here than that in (AI). This relationship holds even when the increase in the d.c. component (the first term) or in the total power is taken into account. Therefore, the relative strength of second-order motion is expected to be larger in the 2f + 3f' + 4f motion than in the 2f + 3f motion.
